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ABSTRACT
This work involves the preparationand the characterizationof SiC
particulate-Alz03and SiC whisker-Alz03 ceramiccomposites.A newtechnique
wasusedin orderto increasethedensityof composite.FineAlz03 andSiC whiskers
andparticulateswereusedasa matrixandsecondaryphase,respectively.Whiskers
andparticulatewerecoatedwith Al-S04-OH precursorby precipitationusingurea.
In thismethod,it was importanto keepthealuminahydratein the noncrystalline
stateat 5.5>pH>8.6.The alumina-hydratecompoundwas separatedfrom SiC
whiskersand particulateswhenthereactionwas continuedat high pH (pH>8.7)
causingthe crystallizationof aluminaprecursor.Alumina hydratecoated SiC
whiskersandparticulatewereusedas thestartingmaterialfor thepreparationof
SiCw/p reinforcedAlz03. Die pressingwas used as the most appropriateand
cheapestconsolidationtechniqueof compositematerials.Upon sintering Al-S04-
OH on the SiC transformedinto Alz03 by providingemptyspacesfor matrix
densificationin theproposedtechnique( shrink-fit idea).Greenbodieswith SiC
whiskerand particulatecontentsin therangeof 10to 40 vol.% were sinteredat
14500Cfor 2h ~nderatmosphericonditions.The densitiesof sinteredcomposites
weremeasuredby usingArchimedesmethod.The densityof compositescontaining
10%,20%, 30% and 40 vol.% coatedSiC particulateand whisker composites
changedfrom 81% to 70% of theoreticaldensityand from 79% to 75% of
theoreticaldensity,respectively.The densityof coatedcompositeswere -22%
greaterthanthatof theuncoatedcomposites.Thethermalbehaviorof Al-S04-OH
on the SiC was characterizedby using TGA, DTA. TGA curvesshowedthat
materialsare hydratedand dehydroxylizationwas observedbetween-700° and
800°C.TGA andDTA curvesindicatedthatdesulfurizationthenoccurredat about
-950°C.Chemicalcharacterizationof thecoatedSiC whiskersandparticulateswere
obtainedbyusingFTIR spectrometer.
The hardnessof these compositeswere measuredby usmg Vickers
MicrohardnessTestingDevice.Vickersmicrohardnessof the20vol.%and30vol.%
coatedSiCp ,and20vol.%and40 vol.% SiCw-Alz03 compositesweremeasuredas
10.71,12.94,10.89and5,96GPa, respectivelyand comparedwith themechanical
propertiesof thecompositesmanufacturedbytheconventionalmethods.
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Bu <;ah$ma,SiC partiktil-Alz03 ve SiC whisker- Al203 kompozitlerinin
hazlrlanmasml ve karekterizasyonunu iyermektedir. Bu kompozitler,
yogunluklarmm arttmlmasl amaclyla yeni bir teknikle hazlrlanml$tIr. Bu
calI$mada,matriks olarak Alz03 ve ikincil faz olarak da SiC whiskers yada
partiktilleri kullamlmaktadu. Whiskers ve partiktiller tire yardlmlyla yokelme
yontemi kullamlarak AI-S04-OH bilqigiyle kaplanml$tIr. Bu yontemde
kaplamanmkristal yaplda olmamaslonemlidir. Reaksiyon ytiksek pH (pH>8.7)
degerlerine kadar stirdtirtildtigtinde, AI-S04-OH bilqigi SiC whiskers ve
partiktilleri tizerinden slynhr ve kristal yaplya donti$tir.AI-S04-OH kaph SiC
whiskers ve partiktilleri SiCw/p- Al203 kompozitlerinin hazlrlanmasl iyin
baslanglymalzemesiolarak kullamlml$tIr. Hazulanan toz kan$lm, en ekonomik
ve en uygun yontem olan soguk presleme yontemiyle $ekillendirilmi$tir.
Sinterleme suasmda, AI-S04-0H bile$iginin yogunlasarak Alz03 fazma
donti$mesiile matriks ve ikincil faz arasmdabO$luklar olu$turulur (Darahp-
Uyma). Bu yontemle hazulanan %10-%40 SiCw/p iyeren bu kompozitler
1450°C'de2 saat sinterlenmi$ ve son yogunluklan Archimedes yontemi ile
olytilmti$ttir. Kaplanml$ %10-%40 SiCw/p oranlannda hazlrlanml$
kompozitlerin yogunluklan partiktil kompozitleri iyin teorik yogunlugunun
%81-%70, whisker kompozitleri iyin %79-%75 olarak olytilmti$ttir ve bu
kompozitler ·aym oranlarda hazulanml$ kaplanmaml$ kompozitler ile
kar$lla$t1nlml$tu. Kaplanml$ kompozitlerin yogunluklanmn kaplanmaml$
kompozitlere oranla %22 daha ytiksek oldugu gortilmti$ttir.AI-S04-0H kaph
SiC whiskers ve partiktillerinin termal ozellikleri TGA ve DT A analizleri
yardimiyla belirlenmi$tir. TGA analiz sonuylanna gore kaplama malzemesi
molektiler su iyermektedir. DTA analizi yardimiyla da -700° ve -800°C
arasmdadehydroxylization olu$tugu belirlenmi$tir. Destilftirizasyon slcakhgl
isehemDT A hemdeTGA yardlmlyla -950°C olarak elde edilmi$tir. Kaplanmi$
whisker ve partiktillerin kimyasal karekterizasyonu FTIR cihazl yardlmlyla
yapI1ml$t1r.
C;okelmeyontemi ile hazlrlanan kompozitlerin sertlik degerleri Vickers
mikrosertlik cihazl ile olytilmti$ ve %20,%30 SiCp-Alz03 kompozitleri iyin
slraslyla 10.71, 12.94ve %20,%40 SiCw-Alz03 kompozitleri iyin ise 10.89 ve
5.96Gpa bulunmu$tur.Bu degerlerliteraturdekidegerlerile kIyaslanml$tlr.
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CHAPTER I
INTRODUCTION
Ceramic SCIencemay be defined as the art and SCIenceof making and
usingsolid articles of inorganic, non-metallic materials. This broad definition
of ceramicscomprisesnot only traditional ceramics(dishes,tiles and bricks) but
alsoadvancedengineeringceramicsof oxides (Ab03, Zr02, Th02, BeO, MgO),
magnetics(PbFe12019,ZnFe204, Y6Fel0024), ferroelectrics (BaTi03), nuclear
fuels(U02, UN), nitrides, carbidesandborides(Si3N4, B4C, andTiB2).
Traditional ceramicsare manufacturedby mixing and processingof three
basicraw materials:clay, silica (flint) andfeldspars. The processingtechniques
of traditional ceramicsare relatively simple and somedatebackedto early ages.
before 5000 BC. Shaping forming and firing of ceramic raw materials using
potter's wheel and closed kilns were explored in those ages and are also
commonin today'straditional ceramicprocessing.
Progresses in understanding,refining and synthesising of ceramic raw
materialsin the secondhalf of the 20th century lead to a new area of ceramics
called advanced ceramics. These ceramics can be engineered to highly
controlled compositions and structures to fill specific needs of continuing
technologicalprogress of 20th century in many areas,which would otherwise
could not be filled by other available materials. Some of the important
propertiesof advancedceramicsover themetalsandpolymers include excellent
chemicaland corrosion resistanceto severeenvironments,optical transparency,
highermodulus,hardnessand resistanceto wear.Application areasof advanced
ceramICS include electronics such as dielectric materials, substrates,
semiconductors,and transducers, medical materials such as prosthetics and
orthodonticsand structural materials such as turbine components and heat
exchangers(24,26).
Structural applicationsof monolithic ceramicsare, however, impartedby
theinherentlow toughnessor lack of ductility. Under external tensile forces,
cracksstartfrom porosities,microcracksand machiningflaw on the surface,and
propagatequickly. Unlike monolithic ceramics, fiber reinforced ceramIC
composites (CMCs) fails in a non-catastrophic manner. This is primarily
promotedby the large work of fracture to pull broken fibers against frictional
sliding resistance between fiber and matrix and by the crack deflection at
interfaces.Based on experimentalstudies on CMCs, following criteria can be
used to establish tough composites: low toughness interface, low interface
sliding and low thermal mismatch stresses(7). Therefore, interface design in
CMCs is a major Issue of processing of these materials. Current efforts are
concentratedon in-situ reactionsat interfacesandcoatingof fibers.
In-situ reactionsarewidely used in fiber reinforced glass matrix ceramic
composites.For examplein Nicalon fiber (Si-C-O) reinforcedLAS (LiO-Ab03-
Si02) composite,a weak carbonrich interfacial zone is formed by the oxidation
of the SiC fiber surface during hot pressing step. In the second approach,
interfaceis formed on the surfaceof the fiber prior to compositefabrication, for
exampleBN and C coating on SiC fibers in glass matrix composites(8). In the
design of interfaces, in both in-situ formed and coated interfaces, thermal
residual stresses must be considered carefully, because they may induce
microcracking in the compositeswhich may reducethe fracture toughnessand
strengthof the final compositestructure.
Their high strength, wear resistance, capability of preservmg their
strengthat high temperaturesand their resistanceto creep are some of the
important mechanical negativeness of ceramic materials that cause brittle
structure,in anotherwords causingtheir toughnessbeing low. The main goal of
ceramiccompositematerials is partially improved. In a study on Ab03 matrix
compositematerial, the fracture toughness of a ceramic composite with 30
vol.% SiC whisker is increased almost two times (relative to the fracture
toughnessof pure Ab03) with the density (29,30). The other factorsthat affect
the increase in toughness in ceramic composites are: volume content of
whiskers/particulates,homogeneousdistribution of whiskers/particulates and
densityof composite(6). For the distribution of whiskers, various methodsare
employed.The most significant of these are: to obtain a good distribution of
whiskersby using deflocculants (2) or by electrostaticstabilization of whiskers
(12).
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The most importantreasonof density decreasein the compositesis the
thermalstresses,microcracksandcavitiesthatoccur during heatingand cooling.
In many ceramic composites, matrix has a higher coefficient of thermal
expansionthan the reinforcement;therefore, interface remains under tensional
stresses.To preventthis effect, an emptyspaceat fiber matrix interfacefor the
matrix growth during high temperatureprocessing of composite, known as
"shrink-fit", is proposed. The thermal stressesare due to the differences III
thermalexpansioncoefficients. Subsequentlythis difference within the matrix
and second phase cause the pull stress in the matrix during the sintering.
Irregulardistribution of second phase cause different stresses,which creates
hugecavities. This is the reasonfor the extraordinaryextensionof theparticles
in thecompositewhere the density of whisker is less. Cavities that are stuck
insideexpand particles that cannot shrink. In order to prevent these effects.
whiskers/particulatesare coated with polymers which are burned before
densification and subsequently the gap is created between the matrix and
whiskers/particulates(32).
In this study, in order to createa gap betweenwhiskers/particulatesand
thematrix, whiskers/particulatesare coated with an aluminium-sulfate-hydrate
compound.Coating of reinforcementprior to consolidation of the composite
constituentswas to form a space or a gap between reinforcement/matrix
interfacefor matrix growth. This was achievedby the shrinkageof the coating
onthereinforcementsurfaceduring the heatingof the consolidatedgreenbody
to high temperatures.With this method, it was aimed in this study that the
contentof microcracks formed in the matrix due to difference between the
coefficientof thermalexpansionof matrix andreinforcementwould be reduced.
CZM1RYUKSEK TEKNOLOJi ENSTiTUSO
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CHAPTER II
CERAMIC PROCESSING
There are three maIn stages In ceramic proceSSIng:These are raw
materialspreparation,compactionanddensification.
2.1. Raw Materials Preparation
Powder preparationis one of the most basic stepsof ceramicprocessing.
Chemicalandphasepurity are two basic requirementsfor subsequentprocessing
of powders.It is also often desired to have particles consisting of individual
ratherthan multiple crystallites and for a numberof applications; particles of
individualcrystallites having crystallographicshapesare desired. Particle size
controland distribution are necessaryin order to optimise properties of the
intendedfinal ceramicproduct.
Many different mechanical size reduction and chemical preparation
techniqueshavebeendevelopedto achievetheaboverequirements.Some of the
mechanicalsize reduction techniquesare screening,ball milling, roll crushing
and air classification. Precipitation, sol-gel technique, decomposition and
plasmaprocessingarethemost importantchemicalpreparationtechniques(24).
2.2. Forming Processes
Following the preparation stage, ceramic powder is consolidated into
desiredshapesusing one of the following techniques:pressing,slip castingand
IZMIR YUKStK TtKNOLOJi ENSTiTUSU
RtKTORLUGU
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injectionmolding. The selection of the suitable forming techniquedependson
severalfactors such as the size, shape,dimensional tolerancesof the product.
the levels of reproducibility required, and investment and productivity
considerations.
Pressing is accomplishedby placing a powder which is premixed with
suitablebinders and lubricants into a die and applyingpressurefor compaction.
In pressing,two techniquesareessentiallydistinguished:die pressingin which a
certainamountof powder is put into a die and shapedby the punchesunder a
loadand iso-static pressing in which a powderbatch is consolidatedby an iso-
staticpressureapplied by a fluid on a pre-shapedcompact,provided with an
impermeablecover.
In powder pressing the powder is eithercompletelydry or containsup to
5 %vol. water. Water addition improves the adhesionof the powder. Binders
areadded,if necessary. Binders such as "dextrine" and "acrylate" are called
hardbinders and wax and Arab gum are soft binders. Polyvinyl alcohol or
methylcelluloseare intermediatebinders. In order to reducefrictional effects of
thedie, lubricants such as paraffin oil or stearinesolution are sometimesadded
withanamountof a few tenthsof a percent.
Die pressing is used extensively in the compactionof refractories, tiles,
special electrical and magnetic ceramics, spark plug insulators and other
technicalceramicsfor which largenumbersof simple shapesare required. The
methodis relatively cheap and used to form shapes with close tolerances.
Pressuresranging from 35 to 105 MPa are common and the higher pressures
maybe suitable for the harder materials such as pure oxides and carbides
(Figure1).
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Figure 1.A schematicrepresentationof die-pressing.
Although it is a simple and useful tool of ceramIC powder forming
technique, die pressing suffers from some limitations. Filling the mold with
powderand transmittingpressureto all parts of the mold cavity are critical to
obtain uniform dense compacts without weak edges. Variation of pressure
duringcompaction and density gradients in the greenbody generally result in
variationsin fired density and uneven shrinkage. Therefore, the ratio of the
lengthin the direction of thepressingto the diameteris limited.
A slip can be defined as a stabledispersionwith a high volume fraction
of solid particles (45-60%) in a liquid, usually water.The fluidity of the slip is
providedby adding deflocculants. The slip is cast in a porous plaster mold to
forma compactsectionalong thewalls. When thewall thicknessof the compact
is large enough or the growth of the wall thickness is largely stopped by
saturationof the mold, remaining slip is drained.The casting is then removed
afterpartialdrying (Figure2).
6
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Figure 2. A schematicrepresentationof slip casting.
A bubble free high densitycompactis an indicationof a stableslip. For a
goodcasting process a well-prepared slip, however, is not enough; the mold
mustbe such that it will allow the water to be withdrawn evenly through its
porouswalls. The mold mustalso be designedto allow shrinkagesby the endof
casting.For the easy removal of the last piece finally, the part must have
sufficientstrengthso that it can be handledand can be removedfrom the mold
withoutcracking.
Slip casting IS a relatively simple and flexible technique of ceramIC
forming. It is frequently used in laboratory, while modifications such as tape
castingand pressurecasting are mostly used in factory practice. Complicated
shapescan be produced by using multi part molds at a relatively low cost
althoughtheproductionratemaybe relatively low (5,24,26).
IIMIR YUKStK TEKNOlOJi ENSliTUSO
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2.3 High Temperature Treatment
High temperaturetreatmentinvolves drying, sintering, and vitrification
andformthe final and major step in ceramicprocessing.
Drying of ceramics is the removal of water from the green compacts
beforefiring. Drying is usually carried out at/or above 100 DC. The bulk of
organicbinders can, however, be removed in the temperaturerange of 200 to
300DC andhydrocarbonresiduesmayfurtherrequiremuchhigher temperatures.
Someceramic products including porcelain, structuralclay products and
electroniccomponentscontain glass phase. The formation of a liquid phase
servesas a reaction medium by which diffusion can take place at a low
temperaturethan in the rest of the solid. During the firing of these types of
ceramics,the glass phaseliquid forms and fills the pore spacesin the material.
This is called vitrification or liquid phase sintering. Upon cooling the liquid
glassphase solidifies to form a vitreous or glassy matrix that bonds the
unmeltedparticlestogether(28).
Solid state sintering is a technical term referring to densification of
ceramicompactsat relatively high temperatures.It removespores betweenthe
particlesby combining particles, allowing particles to grow together and
forming strong bonding between adjacent particles. Decomposition or
transformationsof phases may occur during sintering. In addition to phase
decomposition,changesin grain size, pore shapeand size contentoccurs during
sintering.
2.3.1Stagesof Sintering
The initial stage of sintering involves rearrangementof particles and
formationof necks at the contact points of particles. Bonding occurs at the
contactpoints and slight movementor rotation of adjacentparticles increases
the
8
numberof contact points. The changes that occur during the first stage of
sinteringare illustrated in Figure 3.
KEY
oParticle
r Porosity
(a)
(b)
iC)
Figure 3 Changesthatoccur during the initial stageof sintering.
(a) Startingparticles, (b) rearrangement,and(c) neck formation.
In the secondstageof sintering, the size of the necks betweenparticles
grows.Porosity decreasesas the centersof the original particles move closer
together. This results in shrinkage equivalent to the amount of porosity
decrease.The grain boundariesbegin to move so thatone particle (now called
grain)begins to grow while the adjacent grain is consumed. Most of the
shrinkageduringsinteringoccurs during second-stageof sintering(Figure 4).
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? Porosity
(a) (b) (e)
Figure 4. Changesthatoccur duringthe secondstageof sintering.
(a) Neck growth andvolume shrinkage,
(b) lengtheningof grain boundaries,and
(c) continuedneckgrowthand grainboundary
lengthening,volumeshrinkage,andgrain growth.
Thethird stageof sintering is involves theremovalof final porosity. The
porosity is removed via vacancy diffusion aided by movement of gram
boundariesand controlled grain growth. If grain growth is too fast, the gram
boundariesmove faster than the pores and leave them isolated inside a gram
(intragranular).If the necessarytransportprocessesare sufficiently rapid along
grainboundaries,so poresmustremainattachedto a boundary(intergranular)in
orderto beeliminated(Figure 5).
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Figure 5. Changesthatoccur during the final stageof sintering.
(a) Grain growth with discontinuousporephase,
(b) grain growth with porosity reduction,
(c) grain growth with porosityelimination.
Before firing, a powder compact is composed of individual grams
separatedby 25 to 60 volume percent porosity, depending on the particular
materialand the processing methodused. For maximizing properties such as
strength,translucency,and thermal conductivity, it is desirable to eliminate as
muchof this porosity as possible.
Traditional oxide ceramicsarereadily sinterablebecauseof the formation
of liquidphases. Somehigher technologyoxidesareprocessedwith additivesto
provideliquid phase sintering and to enhancesolid-statesintering or to retard
graingrowth.. Many nonoxidessuchas SiC and Si3N4 can only be sinteredwith
additives.
If a suitable additive systemcan be identified for a ceramic systemthat
canpromotedensification without external pressure (pressurelesssintering),
thenthis is the preferred method since complex-shape components can be
densifiedrather easily and cheaply in this manner. Besides pressureless
sintering,there are four modified densification processes:reaction sintering,
overpressuresintering, hot pressing and hot....uis~o2.§sl1ta~tlti£.C J~S?l~
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processespressure is applied simultaneouslywith heating. The application of
pressureincreasesthe energyat the particle-particlecontactsand thus enhances
the normal mechanisms of sintering. Densification of consolidated powder
bodiesis achieved predominantlyby pressurelesssintering. However, the use
hot pressing is increasing, especially for oxides and parts of simple shapes
where higher quality (mainly microstructural homogeneity) IS needed.
Moreover, larger size or multiple parts per pressing can be an additional
advantage.The use of hot isostatic pressing is increasing,especially following
sinteringto closed porosity, and where quality and complexity of shapejustify
the cost. There are also important opportunities to make quality ceramic
productsusing lower cost ingredients,by sinteringor hot pressing,for example,
byreactionsintering (24,26).
Alumina (AlzO)) has mechanical, thermal and electrical properties
superiorto most other oxide ceramics. Moreover, the raw materials are
plentiful, cheap, and accommodating better to fabrication by a variety of
techniquesinto a wide variety of shapes.Although aluminapresentsa number
of metastable-structures, they all transform irreversibly to hexagonal alpha
phaseof technological interest.
The properties of the alumina ceramICSmeet many engIneenng
requirementsof electrical applications rangIng from packages for
electronics,plasma envelopes for some gas lasers to radomes and
mIcrowavecomponents to high strength insulators In the electric power
distribution industry and spark plugs In gasoline engines. Wear
applicationsinclude noncontaminating grindging media, mud pump liners,
mechanicalseals , textile and wire guides. High temperature applications
rangefrom plasma torch insulators to compression springs.
Applications, such as abrasives,refractoriesas well as electrical industry. If
the mechanical properties can be improved, new application areas like
including fixed and rotating turbine components,liners for hot gas flow,
rocket nozzles and heat exchangerswill develop(5,13,26).
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CHAPTER III
CERAMIC MATRIX COMPOSITES
The intrinsic high stiffness, high hardness, chemical inertness and
refractoriness of ceramics derive from their ionic and covalent bonding
structures. These bonds permit little or no movementof dislocations, even at
high temperatures,and leads ultimately to brittlenessor lack of toughness. In
manyapplications involving at relatively high temperature,ceramicsboth tough
and resistant to high temperaturesare, however, needed. Ceramic matrix
composites(CMCs) can potentially meettheserequirementswhen reinforced by
particles or fibers and/or whiskers and tailored for energy dissipating
mechanicaleventssuchas fiber debondingandfiber pull-out.
3.1 Whisker Reinforced Ceramic Matrix Composites
Whiskers are the single crystalline fibers having diametersin the range
of 0.1-1 flm and aspect ratios (length/diameter)of 10-100. The absenceof
gram boundaries and high purity bring up several attractive characteristics.
They exhibit a good chemical stability at ambient and relatively high
temperatures.Due to small size, they contain only small size defects;therefore,
theycan show high tensile strengthvalues. The averagestrength values of
whiskershavebeenmeasuredto be about8 OPa (~=6flm)(21).
Several types of whiskers have been used for the reinforcement of
ceramics.These include silicon carbide, silicon nitride and alumina; however,
onlysilicon carbidehasbeenwidely developedandtested.
Whisker addition usually reduces the densification; therefore hot
pressing(HP) is mostly used for the preparationof whisker reinforced ceramic
composites.HP results in a planar random whisker orientation: whiskers are
randomlyoriented in the planes normal to the pressingdirection. This is also
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truefor the compositesformed by slip castingtechniquein which whiskers are
randomlyorientedin planesparallel to the slip mold interface (Figure 6).
Figure 6. Optical micrographof 20 % SiCw-Si}N4 compositemadeby
slip casting.Note thatwhiskers are randomlyorientedin
planes(3).
The structuralanisotropyin thesecompositeshavebeenobservedon the
microstructure. The anisotropy is also reflected by the relatively large
differencesbetween the toughness and strength values of crack planes
perpendicularand parallel to the whisker plane (3). On a macroscale,isotropic
bodiescanbe,however,obtainedby powderpreparationand pressurelessor hot
isostaticpressing(HIP).
The importanceof aspect ratio has not beenwidely explored. Both the
strengthand the toughnesswere found to increase; from 380 to 560 MPa for
strengthand from 4,7-5,3 MPa.ml/2 for toughness. Fracture surface
observationshowedthat longer whiskers experiencedmore extendedpull-out.
Theyalsofoundthattoughnessvalues over 9 MPa.m1/2 were possible when the
whiskercontentincreased(l).
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3.2 Particle Reinforced Ceramic Matrix Ceramics
The developmentof such compositematerialswas primarily focused on
tribological applications. The targetis to improveboth toughnessandhardness.
Typical matrix andreinforcementcouplesare:
• Reinforcementof aluminaby SiC, TiC, BN andTiN;
• Reinforcementof silicon carbideby TiB2, TiC and AlN; and
Reinforcementof silicon nitride by SiC andTiC.
Since the residual stress due to coefficient of thermal expansion (CTE)
mismatchis an importantparametercontrolling the toughening,it is convenient
toclassify thosecompositematerialsinto threedifferent groups:
up>um: TiC-SiC, SiC-Si3N4, TiC- Si3N4,
up=Urn :TiB2-SiC,TiC-Al203, AlN-SiC,
up< Urn: SiC-Al203, BN- Al203
Materials from the last category (up<um) are more susceptible to
experiencemicrocrack toughening where the probability of microcracking IS
lowandtougheningwill be mostly dueto crack-particleinteraction.
In particle reinforced CMCs, toughnessis a function of particle content
and size content. In a study on SiCparticle-Alz03 composite with two
reinforcementsizes 2 and 8jlm, the highest tougheninghas been obtained with
thesmallerparticle and materialsexhibit a maximumtoughnessas a function of
theparticlecontent.(Figure 7) (5).
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Figure 7. Strengthand toughnessof SiC-AhO) compositesfor two
different particle sizes: solid line: 811m,dashedline: 211m (5).
3.3ReinforcementMechanism
Reliability of a ceramIC componentis majorly affected by the fracture
toughnessandmost ceramicsshow inherently little plastic deformationprior to
fracture.A number of methods have been developed in the last 25 years to
lllcrease the fracture toughness of ceramics including: transformation
toughening,crack bridging, crack deflection, micro-cracking and fiber
reinforcement.
3.3.1Transformation Toughening
Transformationtoughening is basedupon a martensiticphasechangein
a secondphase inclusion that leads to an increase in the inclusion volume
duringtransformation. The ceramics containing zirconia particles which
presentsetragonalto monoclinic phasetransformationis the most spectacular.
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In thesecomposites, the zirconia particles are dispersedin the matrix and the
compositeis densified at 1000to 17000C wherethe tetragonalzirconia phaseis
thermodynamicallystable. Upon cooling below 800oC, the monoclinic phase
becomestable but the volume is 7% larger per unit mass and it is restrained
fromtransformingby the matrix. The expansionduring the transformationtends
to push the crack closed lowering the driving force for further crack
propagationresulting in a higher materialtoughness.(Figure 8)
o 0
o
o
-----
tv1onoclinicZirconia
o
o
To~rC190.fl~ .~
Zirconia
nl<:ltrix
o o o
Figure 8. A schematicrepresentationof transformationtoughening.
3.3.2 Crack Bridging
When a crack goes around a reinforcementwithout breaking it, crack
bridgingoccurs. In orderto obtain a high reinforcement,one mustmaximize the
reinforcementstrengthand radius and minimize the interface bonding strength
(Figure9).
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oFigure 9. A schematicrepresentationof crack bridging.
3.3.3 Microcracking
When loading the material owing to the stress field presentaround the
particles,it can absorb elastic energy and thus contribute a fracture energy
increaseso microcracking can be induced. Cracking occurs only around the
particlesgreaterthan a critical size, this shows that the elastic energy ( due to
thermalcontraction mismatch) is stored in the matrix and the particle must be
greaterthanthe surfaceenergyneededto createthecrack (Figure 10).
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Figure 10.A schematicrepresentationof microcracking.
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3.3.4 Crack Deflection
Crack deflection can be achieved either by stress field presentaround
particlesor by hardparticles of higher resistance.(Figure11)
Figure 11.A schematicrepresentationof crackdeflection.
3.3.5 Fiber Reinforcement
The fundamental reinforcement mechanisms of fiber composites are
dominatedby the interface between the fiber and the matrix. These basic
mechanismsare governedmainly by the relative fiber-matrix interface debond
toughness,the friction coefficient, the thermal residual stresses, the fiber
strengthdistribution, the matrix properties (such as toughness and matrix
cracking)andthe fiber volume fraction.
Fibers introducedin a matrix lead to two effects:thermal stressesdue to
themismatchof the coefficient of thermalexpansionof fiber CXf and matrix CXrn
andloadtransferinvolving the fiber-matrix interface.If CXf<CXrn , the interface is
in compressionand there is a fretting of the fiber. If CXf >CXrn , the matrix is
compressedbut the interface is in tension, leading to very poor load transfer.
Controlof the interfaceproperties(thermalstresses,friction conditions) can be
achievedby using eithercoatingsor in-situ reactionsbetweenthe fibers andthe
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matrix. Further discussion on interfacial behavior is provided in section3.4 of
thischapter.
For ceramic matrix, generally fracture strain of the matrix 10m IS lower
thanthat of the fiber £f . Thus, the microcracking starts in the matrix if the
fiberfraction is higher thanthe critical V f. andthereis a load transferfrom the
matrixto fibers through a shear stress1"j at the fiber matrix interface.These
stressprofiles, after matrix cracking dependon the interfacebehavior. A more
accurate analysis must take into account the residual thermal stresses.
debondingand the statistical natureof matrix and fiber fracture. In the caseof
matrixmicrocracking and bondedinterface,the interfacial stressescan lead to a
debondingphenomenon.
So, when a main crack propagates in a ID composite, fibers bridge
betweenthe crack surfacesand different zonescanbe observed(Figure 12).
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Figure 12. Schematicof a fracturecrack in an ID composite.
The zone a is the notch. In zone b, no interaction between the crack
surfacesoccurs ( all the fibers are pulled out) . In zone c, the crack is bridged
by brokenfibers whereas unbroken fibers intervenein zone d. The zone e is
undamaged.
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3.4 Interfacesin Composites
Interface III fiber reinforced composites may be defined as a surface
formed by the common boundary of reinforcing fiber and matrix. It has
physicaland mechanicalpropertieswhich are unique and not either of thoseof
the fiber nor the matrix. It is usually considered to be zero thickness (or
volume)and perfectly bonded.
The structureand properties of fiber-matrix interface playa major role
onthemechanicalperformanceand structural integrity of compositematerials.
A bond is formed between a chemical grouping on the fiber surface and a
chemicalgroup in the matrix and bondstrengthdependson thenumberandtype
of bonds, the formation of which are usually thermally activated chemical
reaction.In most ceramic matrix composites,chemical reaction hardly occurs
betweenfiber and matrix. However, an extremelythin amorphousfilm can be
formedoriginating form the oxide presenton the fiber surfaces or due to the
limitedfiber-matrix interaction, e.g., between alumina whisker and zirconia
matrix(30). Mechanical bonds involve mechanical interlocking at the surface.
Thereare many internal and residual stresses in composite materials which
developduring fabrication processesdue to matrix shrinkage and differential
thermalexpansionbetweenfiber andmatrix. Among thesestresses,the residual
clampingstresson the fiber provides a major bonding at the interface of many
ceramicmatrix composites which plays a decisive role in controlling the
fractureresistanceof thesematerials(5).
3.4 .1 Interface Design Parameters
In order to achievea tough ceramiccomposite,it is necessaryto control
thematrix-whisker/fiberinterfacial propertiesand the fibers/whiskers must be
evenlydistributedthroughout the matrix. In most cases, the interfacial bond
mustbeweakerthan either the whisker or the matrix since the whisker is often
nearlyas brittle as the matrix. A perspective regarding interfaces, classified
either"strong"or "weak" is presented.A "strong" interfaceis characterizedby
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arelatively large C suchthat cracking of eitherthe matrix or the fiber doesnot
leadto interfacedebonding(Figure13).
1.0o-0.5
Kl~
Interlace
gjq,(ji~
1 1.0
It..-- )....... L.-
I 0.5
Elastic Mismatch. a
Figure 13. Debond characteristicsfor brittle matrix composites.
Conversely, a "weak" interfacerequirements in the presenceof matrix-
fibercracks. Interfaces that debond are defined as "weak" but still exhibit a
varietyof behaviorswithin a composite,a reflectedin themagnitudeof "t.
The weak interface allows the crack to run along the interface or the
whiskerto slide out of matrix and the frictional forces to oppose further
opening(bridging). The propertiesof interfacesin compositesare characterized
bytwoseparatemechanicalparameters:fractureenergyC for debondingandan
interfacialsliding resistance"tj along debondingregions.
For debondingto initiate, the magnitudeof Iimust be small. For brittle
matrixsystem, in which matrix cracking typically precedes fiber cracking,
debond initiation is governedby the ratio of C to the fiber fracture energyIf.
Debondingcommencesin preferenceto fiber failure provided that 1/ If < 14
(6). Sincemostceramicfibers havea fractureenergyof the order of 1f = 20 J/
m2, an upper limit for C =:5J/ m2, which is broadly consistent with most
experimentaldata. The low toughness interface is the first requirement to
preventfiber fractureduring matrix crack growth (Figure 14).
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Figure 14. Matrix microcracking.
The coefficient of friction, !J., at the sliding interface plays a dominant
role in ceramic compositetougheningby determiningthe sliding resistance'to
Interfacial sliding resistance, 'tj, should be small enough to allow for a
substantialpull-out contribution through frictional dissipation by encouraging
fiber fracture at significant distances from the matrix crack plane(7). It is
suggestedthat 't should be between2 and40 MPa andis given as,
where 'to is a constant term associatedwith roughness (most ceramIC
fibersexhibit someroughnessat the nanometerscale), !J. is a Coulomb friction
coefficientand an is the clamping stress normal to the interface. For a crack-
bridgingfiber, the bridging fraction is determinedby the relative fiber-matrix
displacementsas controlled throughthe sliding resistance(8).
When a crack moves througha matrix containingfibers or whiskers, the
followingfailure mechanisms may be expected to operate: matrix fracture,
fiber-matrixinterface debonding, fiber pull-out, etc. In conjunction with these
mechanisms,fiber bridging, crack deflection and microcracking also take place
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dependingon the strengthof constituentsrelative to thatof interface. It is not
necessaryfor all thesefailure mechanismsto operatesimultaneouslyfor a given
system,and in somecasesone of thesetoughnesscontributionsmay dominate
thefracturetoughness.
3.4.1.2 Fiber- Matrix Debonding
When the fiber fracture strain is greaterthan that of matrix (Ef> Em ), a
crackoriginating at a point of stressconcentrationin the matrix is either halted
by the fiber, if the local stress is not high enough,or it may pass around the
fiber without destroying the interfacial bond. Figure 15 shows a propagating
crack deflects along the interface rather than penetratesthe fiber. Debond
toughnessvalue, Rd may be obtainedby dividing the total strain energy stored
•
in the fiber over the debond length ld at its breakingstress O"f by the nominal
cross-sectionareaof the composite:
Figure 15.Schematicof fiber debonding.
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3.4.1.3 Fiber Pull-Out
When propagates, crack pulls out the broken fibers from the matrix
giving rise to a continuationof thepost debondingfrictional work (Figure 16).
Figure 16.Schematicrepresentationof fiber pull-out.
Based on the work done by the frictional shear stress 'rf which is
assumedconstantover a pull out distancelpo, the fiber pull-out toughnessRpo is
givenby
When the fiber length is less thanthe critical transferlength ( i.e., 1<le),
all fibersarepulled out.
3.4.2Interface Formation
There are two classical approach to the design of the fiber matrix
interfacialzone in ceramicmatrix composites.The first approachis throughthe
in-situ formation of a weak interface resulting from chemical reactions at the
fiber matrix interfaces during the high temperature step of composite
processing.The interface in glass-ceramic matrix, Li20-Ah03-Si02 (LAS),
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reinforced with Nicalon-fibers, namely the Si-C-O ceramIC grade fibers is
producedby in-situ processing is given in Figure 17. Nicalon/glass ceramIC
compositesare reactive systemsin the temperaturerange correspondingto the
hotpressingstep,typically 1200-1400oC(8).
Figure 17.Transmission electronmicrographof the interfacial region of
a lithium-alumino-silicate matrixandNicalon™ SiC fiber (8).
Chemical and structural analyseshave shown that a complex multilayer
fiber-matrixinterfacial zone is formed in-situas the result of an oxidation of
thefiber surfaceby oxygen from the matrix. The key point is the presenceof a
thincarbon layer in the fiber matrix interfacial zone, which is often strongly
texturedand acts as mechanical fuse (low C and low to medium 'rj depending
on the state· of residual stresses, i.e. coefficient of thermal expanSlOn
mismatch).The second approach is based on the use of precoatedfibers, the
weakinterfacebeing deposited on the fiber surfaceprior to the deposition of
thematrix itself. This second approach was extensively used for non-oxide
composites,such as C/ SiC, SiC/SiC composites.Chemical vapor deposition
(CVD) or chemical vapor infiltration (CVI) are the most commonly used
techniquesand solution/gel or sol/gel processand polymer pyrolysis technique
areparticularlyappropriatefor the depositionof simple, binary or ternaryoxide
interfaces.The interfaceis formed on the fiber surfacethroughthe repetitionof
dipcoating/gelification/drying/firing sequencesin sol/gel process. The other
wayto control adhesion is to coat the fibers with a thin layer of pyrolytic
27
carbon.An exampleof the presenceof this carbon layer is given by Figure 18
(5).
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Figure 18. Transmission electronmicrographof the interfacial zone
fiber-matrix in a SiC-SiC composite(5).
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CHAPTER IV
COATING OF POWDERS
A number of chemical coating techniques can be used to prepare
powders. These are chemical vapor deposition (CVD), chemical vapor
infiltration (CVI), physical vapor deposition (PVD), molten-particle-deposition
approaches(such as thermaland plasmaspraying),electrophoreticcoatings, ion
implantation, glazing, enamelling, polymer pyrolysis, chemical solution
techniques(precipitation, sol-gel technique,solventevaporationand extraction)
(22,23).
4.1 Chemical Solution Techniques
Chemical solution techniquesprovide high purity fine-sized powders. In
this technique, suitable liquid solution containing the cations of interest is
preparedfirst. A solid particulatephasemaythenbe formedby precipitationor
solventevaporation or solvent extraction. Segregation is minimised by
combiningthe ions in a precipitate or in a gel phase, or by extracting the
solvent. The solid phase is usually a salt and can be decomposedwithout
meltingby calcination at relatively low temperatures.A porous firiable calcine
isthenobtainedin submicronsize (22).
4.1.1Chemical Precipitation Technique
Chemical precipitation technique can be used to prepare a variety of
inorganicsalts(Figure 19).
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Figure 19.Processingflow diagramfor thepreparationof a
pure precipitate.
The addition of a chemical precipitant to the solution or a change In
temperatureor pressure decreases the solubility limit and results In
precipitation.Precipitation follows nucleation and growth stages.Impurity ions
absorbedon the surfacesof particles may changeprecipitategrowth ratesin the
solution.Relatively slow growth rates will cause an anisometric shape of
precipitateparticles. A higher degree of supersaturationmay increase the
nucleationrate and so produces a smaller particle SIze. The solution
concentrations,pH, mixing and stirring rates and temperatureare important
variablescontrolling precipitation system. Precipitate may be purified by
digestion,washing, or filtration. If the concentrationof an ion in the salt differs
fromthat in the solution, it is called heterogeneousprecipitation. Suspension
coating IS a heterogeneous precipitation technique and homogeneous
precipitationis avoided.In Figure 20 shows single componentcoating by direct
heterogeneousprecipitation. It is possible if reactionconditions are kept in the
zonebetweenthehomogeneousandtheheterogeneousnucleationlimits.
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Figure 20. Single componentcoatingpowderby heterogeneous
precipitation.
Multicomponent coating is shown in Figure 21. As the concentrationof
precipitaterises A will deposit in zone a, then AB would form in zone b. If the
concentrationrises further, to c, then A can precipitatehomogeneouslyin the
bulksolution,while AB is precipitatingheterogeneously.
d
a
homogeneous nUCleation
solution
time
C~mA
Figure 21. Multicomponentcoating.
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Precipitation techniqueshave beenapplied for preparingsubmicronsize,
highpurity oxide powders. Particle sizes as small as 2 nm have beenproduced
for somesystems,andthesehavebeenusedas commercialcatalysts(14,22).
4.2 Coatingof SiC Whiskersand ParticulateswithAhO)
A numberof techniqueshave beenusedto preparepowders by chemical
methodssuch as hydrolysis of alkoxides, solvent removal etc. One successful
method for producing an alumina powder precursor IS the controlled
precipitationof hydratedaluminiumsulfate. It is ability to control the size, size
distribution,degreeof agglomerationand shapeof the precipitatesthat makes
theseprocessesinteresting. In 1984,Blendell et al (4) reportedthathigh purity
andhigh density alumina hydrate powders were precipitated from aluminium
sulfatesolution. They showed the solutions of aluminium sulfate containing
ureayielded spherical, but varied in size from less than 1 to 5 ~m. They
reported that at higher excess of urea, many spherulitic precipitates were
seen. It was suggestedthat the supersaturation was very high at these
presentregions. They reported that when the change in pH is rapid, the
supersaturationat nucleation was much larger than that necessary to
overcomethe nucleation barrier. In contrast, if the pH changed slowly,
the small random fluctuations in concentration caused nucleation locally.
The particles lose weight due to water and S042- evolution during
heatingand an open structure resulted. They reported that the samples
werecalcined to 900°C before isopressing. Pressed samples were fired at
l5500C for densification. They found that it was not possible to directly
sinterthe precipitated aluminium sulfate hydrate powders to high density
duringthe transformation from y-Ab03 to a-Ab03. The calcination of the
precipitatedpowder was required beforesintering to reduce large poresdue
tothevermicularstructurethat inhibit densification.
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Precipitation techniqueshave beenapplied for preparingsubmicronsize,
highpurity oxide powders. Particle sizes as small as 2 nm havebeenproduced
for somesystems,andthesehavebeenusedas commercialcatalysts(14,22).
4.2 Coating of SiC Whiskers and Particulateswith AlzO]
A numberof techniqueshave beenusedto preparepowders by chemical
methodssuch as hydrolysis of alkoxides, solvent removal etc. One successful
method for producing an alumina powder precursor IS the controlled
precipitationof hydratedaluminiumsulfate. It is ability to control the size, size
distribution,degreeof agglomerationand shapeof the precipitatesthat makes
theseprocessesinteresting. In 1984,Blendell et al (4) reportedthat high purity
andhigh density alumina hydrate powders were precipitated from aluminium
sulfatesolution. They showed the solutions of aluminium sulfate containing
ureayielded spherical, but varied in size from less than 1 to 5 ~m. They
reported that'at higher excess of urea, many spherulitic precipitates were
seen. It was suggestedthat the supersaturation was very high at these
presentregions. They reported that when the change in pH is rapid, the
supersaturationat nucleation was much larger than that necessary to
overcomethe nucleation barrier. In contrast, if the pH changed slowly,
the small random fluctuations in concentration caused nucleation locally.
The particles lose weight due to water and SO/- evolution during
heatingand an open structure resulted. They reported that the samples
werecalcined to 900°C before isopressing. Pressed samples were fired at
15500C for densification. They found that it was not possible to directly
sinterthe precipitated aluminium sulfate hydrate powders to high density
duringthe transformation from y-A1203 to a-Ah03. The calcination of the
precipitatedpowder was required before sintering to reduce large poresdue
tothevermicularstructurethat inhibit densification.
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At the sameyear, Sack et al (25), studied with high purity spherical
particles of hydrated aluminium sulfate that formed by a precipitation
process utilizing the urea decomposition reaction. Particles were subjected
to heat treatment at temperaturesup to 13000C. Samples were
subsequentlycharacterizedby XRD, FTIR, mercury porosimetry, nitrogen gas
adsorption. Differential thermal analysis (DTA) and Thermogravimetric
analysis(TGA) were run on uncalcined samples from room temperatureto
14000C. In their study, uncalcined particles were shown to contain a
significant amount of hydration water. This can be removed at low
temperatures(below -450°C) without pore formation. High specific surface
areasdeveloped at temperaturesin therange600°to 900°C.
In 1990, Kapolnek and De Jonghe (14) studied on the preparationand
use of alumina-coated SiC whiskers to produce a homogeneous ceramic
composite.They developed this technique to coat sub-micron particles with
relatively thick layers of the matrix precursor. They also reported that
precipitationtechniquewas more economical thanthe other techniquessuch as
CVD, PVD ... They found that too manyprecipitateswere obtainedby changing
the concentration of solutions. Very thick coatings on the whiskers were
producedin a second coating process and calcined whiskers. Kapolnek and
Dejonghe (14) reportedthat in the production of whisker-dispersedceramics.
theuse of matrix coated whisker was effective for the uniform dispersion of
whiskers.
In 1992, Nakamura and Kato (18) studied on the aluminium hydrate-
coatedparticles. The objective of their studywas the improvementof chemical
stabilityand dispersion natureof particles, and homogenousaddition or mixing
of secondphase.They found that the crystallization of alumina hydratehave a
remarkable ffect on the morphologyof compositeparticles.They found thatat
highpH value up to 8,6 amorphousalumina hydratewhich coatedSiC whiskers
and particles separated from the SiCw and SiCp after crystallisation into
pseudo-boehmite.At this study, it was important to stop the reaction before
crystallisationof aluminahydrateoccurs.
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In 1995, Kato et al (15) prepared the SiCwhisker-reinforced alumina
ceramICS by using alumina-coated whiskers. They also determined the
mechanicalstrengthof thecomposites.They found thattheuseof matrix-coated
whiskerswas effective in improving the dispersionof whiskers in the resulting
compositeand henceimproving themechanicalproperties.
4.3 Shrink-Fit Idea
Green ware contains between25 and 50 volume percent porosity. The
amountdepends on the particle size, particle-size distribution, and forming
methodused. During the firing process, this porosity is removed; the volume
firing shrinkage is equal to the pore volume eliminated.This firing shrinkage
canbedecreasedby theaddition of nonshrinkingmaterialto the mix. If firing is
carried to complete densification, the fractional porosity is equal to the
shrinkagetaking place during firing. This commonlyamountsto as much as 35
vol % volume shrinkageor 12 to 15 % linear shrinkage.It causesdifficulty in
maintainingclose tolerances. However, the mam difficulties are warping or
distortioncaused by different parts of the ware. Nonuniform shrinking can
sometimescausecracksto open.
Thermal stresses,microcracks and cavities that occur during the heating
tohightemperaturesand cooling from thesehigh temperaturesin theproduction
decreasethe density of the composite.The thermalstressesare produceddue to
thedifferences of thermal expansion coefficients. For example, the thermal
expansioncoefficient of SiC whisker is almosthalf of the Al203 matrix material
and for instance, this difference within the thermal expansion coefficients
causesthe pull stressin the matrix during the sintering.On the other hand, the
haphazardistribution of whisker causesextraordinaryextensionof the particles
in thesectionswherethe density of whisker is less. The cavities that are stuck
inside expanded particles and that can not shrink, are another cause that
decreasesthe densityof composite.
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In order to preventthermalstressescausedby the thermalexpansionand
microcracks,cavities within whisker and matrix are producedduring sintering
which is the final phase of composite production. During the condense, the
filling of thesecavities by thematrix is ensured(Shrink-fit idea)(Figure 22).
The coating of whisker surfaceswith polymer and the burning of the
polymer before densification temperature of the matrix is an exampleof
theabove mentioned process that will obtain an area for the matrix to
expand within whisker matrix (2). The secondapproachis to coat dispersed
phasewith the matrix substance.When the secondphase coated with the
matrix substance are used as a raw material, it is expected that the
agglomeration of dispersed phase in the matrix can be reduced and a
more uniform dispersion can be obtained.Furthermore,in the case where
the substance of the whiskers is different from that of the matrix, the
pre-coating of the whiskers with the matrix substanceprovides the same
propertiesfor them as for the matrix substance.Thus the preparation of
ceramIC composites with the use of matrix-coated whisker is effective
method in improving the dispersion of the second phase and hence
improving the mechanical properties.The aim of this study is to prepare
of coating the secondary phase surface of dense ceramic materials by the
precipitationtechnique.
In order to reduce shrinkage stresses,it IS used frozen solutions of
soluble solids (e.g. sodium chloride glucose and polyvinyl alcohol) and
miscible liquids ( e.g. glacial acetic acid and pure acetyl acetone) as
matricesfor carbon fibers and also resins which cure with zero volume
shrinkage or expanSIon are highly desirable for various practical
applications such as high performance adhesives, coatings, precision
castings,dental fillings, binders for solid propellants, etc. For shrinkage
control in polymers especially epoxies and polyesters has been a subject
of much continuing research (2,6,14,16).
\IZMIR YUKSfK TEKNOLOJi ENSTiTOSO
REKTORlOGU
Kuliipnone ve DokOmant~~~nDoire B~.
35
----
--------- ~
/ \
OfMlflGlIIGl
~... ~/<,/
Figure 22. Shrink-fit idea.
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CHAPTER V
EXPERIMENTAL WORK
In this study, the aim is to prepare and characterizealumina ceramIC
matrix composites reinforced with pre-coated SiC whiskers and particulates.
The experimentalstudy conductedin this work can be divided into three parts:
coating of SiC whiskers and particulates and preparation and sintering of
composites,and characterizationof powdersandcomposites.
In this work, the matrix phase in the compositesamples was a-Ah03
(Sumitomo AKP 50, >99.95% purity, particle size -0.1 J...l.m). SiC used as a
secondphase in the form of whiskers were obtainedfrom Tokai Carbon Ltd..
andparticulates were obtained from Alfa Company (a-SiC, 99.8% purity, 2
11m). Ah(SO,j)3 (98% purity, MW= 342.15g/mol) and Urea (crystal,
MW=60.06g/mol) were obtainedfrom Aldrich Chemical Company, Inc.
5.1. Preparation of Coated SiC Whiskers and SiC Particulates
Controlled precipitation of hydrated aluminium sulfate from aqueous
solutionswas usedfor coatingthe secondphaseparticles.
The experimentalprocedureused for the presentstudy is schematically
shown in Figure 23 for two different routes: SiC whisker and particulate
coating.The coating process in SiC whisker route was startedwith the washing
of whiskers with hydrogen fluoride (HF). This was done to removethe binder
fromthe whisker preform provided from Tokai. After HF washing, distilled
waterwas filtered several times over the whiskers in order to removeany acid
remanenton whiskers' surfaces. Whiskers were thenheatedfor severalhours at
100°Cto remove residual water. To conduct coating process, an aqueous
solutioncontaining 0,075 M Ah(S04)3 and 0.21M whisker or particulate were
prepared.The solution was stirred with magnetic stirrer for 30 minutes to
providea good dispersion of whiskers or particulates. The suspensionwas then
heateduntil 90 °c and at this point, Urea amounting 1.8M was addedto the
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solution. Urea was addedto addition was to provide hydroxyl ions necessary
and to avoid the development of regions of high pH in the solution. The
solution was aged for 3 hours at 90 DC following Urea addition. The
precipitationof hydratedbasic aluminiumsulfate occurredin this aging period.
Throughoutprecipitation, the solution was vigorously stirred in order to prevent
the whiskers from settling or agglomeration.The precipitation was stoppedat
pH = 5.5 for the reasons mentionedin Chapter IV. Subsequently,the coated
whiskers or particulates were filtered from the solution and washed with
distilled water. Finally, coatedwhiskers or particulateswere dried in air before
usedin compositepreparationstep.
Differential thermal analysis (DTA) were run on uncalcined samples
fromroom temperatureto 1500DC in a static air atmosphereat a heatingrateof
lO DC/min,5DC/minand 2 DC/minusing Shimadzu50 DTA. Thermogravimetric
analysis (TGA) up to 1000DC was carried out at 10 DC/min, 5DC/min and 2
DC/minrate on the uncalcined sample using Shimadzu 51 TGA. Percentage
weightloss was also determinedon samples. Infra-red spectrawere determined
using a Fourier Transform Infrared (FTIR) spectrometer. Samples were
preparedby mixing with potassiumbromide(0.5 wt % sample,99.5 wt % KBr)
andpressinginto a disk shapein an 1.2cm diametersteeldie.
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RawmaterialSiCw
+
H20
Heatingandstirring
Urea
Reaction
Filtration
Washing
Filtration
Drying
SiC particulates
+
Heatingandstirring
Urea
Reaction
Filtration
Washing
Filtration
Drying
Figure 23 The preparationproceduresfor aluminahydrate-coated
SiC whiskers andparticulates
5.2. Composite Preparation and Consolidation
Two different composite preparationrouteswere used in this study: die
pressingand slip casting (Figure 24). For both routes, alumina hydrate coated
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and uncoated SiC whiskers and particulates were mixed with fine a-AhO}
powders (Sumitomo AKP50, >99,99 % purity, particle size 0,1-0,3 f.!m) in
distilled water. In the first route, the mixture was dried and subsequentlydry
pressedinto disc-shape compacts(10 mm diameter,3 mm in thickness) using
Poly Vinyl Alcohol (PV A) as binder. Pressing was achieved in a die under a
pressureof 150Bars.
The composite compacts were preparedby slip casting III the second
route.Slips containing 45-60 volume fraction of SiC whisker or particulateand
AhO} powders in were cast on theporousplastermolds inside a polymeric tube
having10-mmdiameter.After drying, the compactswere removed.
Alumina hydrate-coatedSiCwhisker/particulate
or uncoated.SiC whisker/particulate(A)
Dispersion in distilled water
a-AhO) powder
(AKP 50)
Dispersion in distilled water
Ultrasonic agitation
(A): 60 min
Figure 24 Preparationof aluminahydrate-coatedSiC
whiskers andparticulates-Ah03 Composites
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The green compacts produced were finally sintered at 14500C for 2
hours. Density of SiC whiskers-Ah03 and SiC particulates-Ah03 composites
were measuredby Archimedes principle using the density kit (Sartorius YDK
01balance).
5.3 Sample Preparation of the Microhardness Test
In this study microhardness test measurementsof the 6 different
specimen,sintered Ah03-%20 uncoatedSiCp, Ah03-%20 coatedSiCp, Ab03-
%30 coated SiCp, Ah03-%20 coated SiCw, Ah03-%40 coated SiCw were
performedwith the time testing instrumentsHV 1000 vickers microhardness
tester. Before the hardness test, each specimen surface were prepared for
mechanicaltestingby the following procedureshownin Figure 25.
Compositematerial
Formedaspellets
Mounting
Grinding
Polishing
Figure 25 Schematicrepresentationof samplepreparationof
microhardnesstest
Samples were mountedinside a polymeric material to obtain a uniform
level.This is also important for the optical microscopeobservations.Buehler
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simplement2 mounting press device was used for the mounting process.After
mounting, grinding process is necessaryto reducethe amountof deformation
brought about by the mounting process. Samples were grinded by using
Metaserv 2000 grinder with grinding paperswith 600 grit size and then 1000
grid size at 400 n/Min speed.Polishing is for the grinding scratchesand heavily
deformedlayer brought about by the grinding process 1~mand 6~m abrasive
particleswere usedfor mechanicalpolishing of composites.
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CHAPTER VI
RESULTS AND DISSCUSION
6.1 Preparation of Alumina Hydrate-Coated SiC Whiskers and
SiC Particulates.
Aluminium sulfate was the most suitable aluminium salt as statedin the
literaturefor preparingalumina hydratecoatedSiC particlesunderexperimental
conditions [ SiCw/p]= O,21M, [Ah(S04)3] =O.075M,[Urea]=1.8M and reaction
temperature== 90°C.
The changeof pH uniformly throughout the solution allows fast reaction
andyields spheres.Urea has beenused for providing a supply of hydroxyl ions
necessaryfor the precipitation reaction.Upon heating,urea decomposesslowly
producing CO2 and NH4+ ions above 90°C. As the pH of the solution is
increased by the urea decomposition, the solubility limit decreases. But
precipitation does not occur until the concentration of aluminium sulfate
hydrateis above the solubility limit. Rapid nucleationthen appears.Growth of
thenucleatedparticles occurs until no further nucleation occurs. Thus all the
particlesare of the samesize. The particle shapeis spherical ratherthan faceted
dueto the presenceof the S042- (Figure26). Formamide can also be used as a
precipitatingagent (4). As the pH becamehigher spherical particles deposited
onsilicon carbidewhiskers or theparticulates.
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Figure26.Aluminiumsulfatehydratesphericalparticles.
The opticalmicrographandSEM picturesof uncoatedSiC particulates
andwhiskersareshownin Figures27 and29. Whentheprecipitationstartsas
thedecompositionof urea,the aluminiumsulfatehydrateis depositedon the
SiC. The coatedparticulatesandwhiskersare heavilyagglomeratedat lower
phasevalues (3-4) and the systembecomesdispersedat higherpH values
(pH>5.5).
The morphologyof thecoatedparticlesareshownin Figures28 and30.
In the first sample(pH=3.36),particlesare heavily agglomeratedbut still
individualparticlescouldbeseen.The particlesizeof theprecipitateincrease
with the increasingpH. Theseparticlescoagulatedheavily aroundpH=4.
Particleswereseparatedfrom eachotherabovepH=5.5.The variationof pH
withtime is shownin Figure 31 for SiC particulates.A similar curvewas
obtainedbyNakamuraandKato(18).
Figure27 ReflectedopticalmicrographandScanningElectronMicrograph
ofuncoatedSiC particulates(particlesize~20~m). 44
pH=3.36 pH=4.05
20f.llll
pH=5.1 pH=55
pH=6.1 pH=6.47
20!J.lll
Figure28.Reflectedoptical micrographsof themophologyof coatedSiC
particulatesat differentpH values.
Figure29 ScanningElectronMicrographsofuncoatedSiCwhiskers
pH=3.65
pH=5.5
pH=4.3
pH=6.8
Figure30. Retiectedopticalmicrographsof aluminahydratecoated
SiC whiskersatdifferentpH values.
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At higher excess of urea,many sphericalparticleswere seen. This may
indicatethe presenceof locally very high supersaturation.In addition, at high
concentrationsof aluminium sulfate, the sphericalshapeand uniformity of size
werenot preserved,too.
9
8
7
6
I 5
0. 4
3
2
1
o
o 2
time (h r)
3 4 5
Figure31. pH curvefor SiC particulates.
The morphologyof theprecipitateschangedwith final pH. Whenthereaction
wasstoppedatpH=7.2,thealuminahydrateyieldedsurroundingSiC particulatesand
whiskersasshownin Figures32and33,respectively.
IZMIR YUKSEK TfKNOlOJi ENSTiTUSO
REKTORlUGU
KOffiphone ve Ookumontosyon Doire B~l
47
Figure32.Scanningelectronmicrographsof aluminahydratecoatedSiCp.
lOj.lill lOj.lill
Figure33. Reflected optical micrographsof Alumina Hydrate-coated
SiC whiskers
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The XRD pattern in Figure 34 shows that the coating of the uncalcined
sampleat pH=6.47 is amorphous.
pH=6.47uncalcinedcoatedSiCp
4500 -
4000 -
3500 -
3000 -
2500 -
2000 -
1500-
1000-
500 -
o
o 10 20 30 40 50
28(degrees)
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Figure 34. X-Ray Diffraction patternfor coatedSiC particulates.
The only phase observed in XRD for uncalcined samples is SiC
particulates.This indicatesthata considerableamountof amorphousmaterial is
still presenton the SiC particulates.On the other hand, when the reaction was
continued up to pH=8.6; the alumina hydrate on the SiC whiskers and SiC
particulates crystallized into pseudo boehmite as shown in Figure 35 and
Figure36,respectivelyas reported(18).
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Figure 35. Scanningelectronmicrographsof coatedSiCw at pH>8.6.
Figure 36. Scanningelectronmicrographsof SiCp at pH>8.6.
The amorphous Al-S04-OH coating at pH=6.47 separated from the
surface of SiC whiskers and particulates after crystallization into pseudo
boehmite at pH=8.7 shown in Figure 35 and 36. In order to prevent the
destructionof the compositestructure,it is importantto stopthe reactionbefore
crystallizationof aluminahydrateoccurs.
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6.2Effect of SiC whiskeronDensification
Typically, pressureless sintering to >95 % of theoretical density can
produce high density AhO) without whiskers. Figure 37 shows the fracture
surfaceof a-Aha) producedby firing die-presseda-Aha) used as the matrix
material in this study. The grain size of the sinteredalumina was measuredas
3-4Ilm. SiC prevents complete densification because they are inert during
sintering. The thermal expansioncoefficient of SiC whisker is almost half of
the alumina matrix. Between 20° and 10000C,aSic=4.8.10-6CI and aalumina
=8.5.10-6CI (27). This difference betweenthe thermal expansioncoefficients
causesthe pull stressin the matrix during the sintering. SiC whiskers interfere
with the shrinkage of the matrix. This is the most important reason of low
density of whisker composites.The irregular distribution of the reinforcement
causesthe formation of largepores.
Figure 37. Fracturesurfaceof Aha) producedby die-pressedand
sinteredat 14502h.
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In order to prevent thermal stresses caused by thermal expanSIOn
coefficient mismatchbetweenthematrix and secondphaseandmicrocracksand
large pores, the whiskers and particulates were coated with Al-S04-OH
precursor. Upon heating the precursor transformed to a-Al203 by providing
emptyspacesfor matrix densificationduring sintering.
Fracture surfaces of composites pressureless sintered containing
20 vol.% SiC whiskers and particulates are shown in Figure 38 and 39,
respectively. The large holes observedin these picture most likely represent
the whisker· and particulate removals. Large holes are evidences of
agglomerationof whiskers and particulates.Similar results were obtained by
Smith et al (27).
Figure 38. Scanningelectronmicrographof fracturesurfaceof
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Figure 39. Scanningelectronmicrographof fracturesurfaceof 20 vol.%
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6.3 Density Measurements
Pressureless sintering of ceramic composites containing whiskers is a
difficult challenge. The whiskers interferewith powdermixing and compaction
by forming bridges. This preventsuniform particle packing and thus complete
densification during sintering. Unlike hot pressing, where the whiskers are
forced to rearrange their positions during densification, there is no external
force available to assist whisker rearrangementin pressurelesssintering. The
difficulty of pressurelesssintering whisker reinforced compositeswas reported
Tiegs et al (3,12). AhO) containing 15vol.% SiC whiskers could be sinteredto
only 80% of theoreticaldensity,whereasmaterialof the sameposition could be
hot pressed to over 98 % of theoretical density (30,31). Fully dense
alumina/silicon carbide composites are normally obtained by hot pressing at
T=1850 DC. The hot pressing causes the whiskers to be oriented with their
lengthrandomly perpendicularto the hot pressingaxis. Hot pressing preferred
orientationleads to anisotropyin bothfracturetoughnessandstrength(9).
The density of compositescontaining from 10to 40% both uncoatedand
coatedSiC whisker and particulateare given in Tables 1-6. The calculation of
the density of these composites is given in Appendix. The density of these
composites decreasedas the whisker content increased from 10-40 %vol as
shown in Figures 40-43. The decreasing density of both particulates and
whiskers composites were attributedto the increasing of reinforcementphase
content and large pores caused by thermal expansion coefficient mismatch
betweenthe matrix and reinforcementphase and also hard agglomeratedSiC
whiskers and particulates. The particulate composites have higher density
comparedto the whisker composites,which are preparedin the same volume
content.The reason of low density in the whisker compositeswas discussed
before.
The compositespreparedwith 1100 DC calcined-coatedSiC particulates
andwhiskers have slightly high density than the uncalcined composites.The
density of these samples and the effect calcined coated SiC particulates and
54
whiskers on densification of Ah03 matrix compositeare shown in Tables 5 and
6 andFigures 44 and45, respectively.
The density of both uncoated SiC whiskers and particulates are
significantly low comparedwith the literature.This may be due to the irregular
distribution of second phase in the matrix. The coatedSiC whisker- Ab03 and
coatedSiC particulate- Alz03 compositehave higher density than the uncoated
SiC whisker- Alz03 and uncoatedSiC particulate-Ah03 composites.The reason
behind this relative Increase In density between the coated-uncoated
whisker/particulatecompositeswas not very clear. This increase may partially
be due to shrink-fit idea or the formation of a better dispersion during the
preparationof thepowdermixture.
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Table1. Effectof uncoatedSiC particulatesonsintering.
Sample Green
DghgWgdssSintered
No
Density Density
g/cm3
(mm)( ))(g)( )g/c 3t %
UPl(l)
1.9414 123.551. 175.10136650 7432. 966 34
UPl(2)
786967 8627
3
7468
UPl(4)
814.3.582 68 72
5
03
2(1)
090 9
2(2)
. 30 7567
3
092 69 4
4
10.7
5
5 32
6
3 l)
3
14 210 35
4
2
4( )4(4)
5
- --UncoatedSiC particulates-Alumina Composites,-.... ~ 100~
E--< 80-~ 60-
'--"~
40 -
.•...• 'en 20 -l::: o I<l) Q 0
10234
Volumecontentof uncoatedSiCp
Figure40. Effectof uncoatedSiCp ondensificationof Aluminamatrixcomposites.
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Table2. Effectof coatedSiC particulatesonsintering.
SampleGreen
DghgWdsssintered
No
ensity Density
g/cm3
(mm)( )( )(g)g/cm3%th
CP1(1)
2.314.122 740.98.0012973.9
CP1(2)
2.32 .14 1358
3
59866
4
1
5
44.070.743.8
CP2(1)
8777
2
12 9556091 810.
3
3
1 16 33 2
6
4
65
CP4(2)
03
CoatedSiC particulates-Alumina
Composites
,,-....100
Cl
...s::: 80
t-<
~ 60'--'
.0 40-
'Ui
~ 20-
Cl 0
o 10 20 30 40
Volumeof coatedSiCparticu1ates
50
Figure41.Effectof coatedSiCparticulateson densificationof
Alumina matrixcomposites.
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Table3. Effectof uncoatedSiC whiskersonsintering.
Sample Green
DghgW dsssSintered
No
Density density
g/cm3
(mm)( )( )g)(g/cm3%thd
UW1(l)
2.144. 731.03121 0444. 170 6992. 767
UW1(2)
64. 82 961.0453081. 02.6 .68
3
73 591035.
4
580 98 6395 32
UW2( )
1.2 682
2
997 8
3(l)
1
3
15 8 1
5
2
6
4
4
5
4
7331
40302010
UncoatedSiC whisker-AluminaComposites
5' 100
~ 80
~ 60-'--'
.c 40
'Vi
t:: 20
<I.)
Q 0
o
Volumecontentof uncoatedSiCwhiskers
Figure42.Effectof uncoatedSiCwhiskersondensificationof the
Aluminamatrixcomposites.
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Table4.Effectof coatedSiC whiskeronsintering.
Sample
GreenDghgWWdsssSinte d
No
Density density
g/cm3
(mm)(mm)g)( )g)g/c 3 hd%
CW1(1)
2,1714,292,881,00420,9906,0 220,6738276
CW1(2)
851,034 91, 530,7 6918
3
81, 8 3099
4
5719 4475
5
211 0352
6
49
CW2(1)
1,37
2
,4 7766672, 44 167 1
')7oJ
CW3(1)
05
3
60 8
4
5
4( )
42
CoatedSiC whisker-AluminaComposites
~ 100
:a 80
t-<
~ 60-'--'
.c 40-
.u;
c:: 20-
OJ
Cl 0
o 10 20 30 40
Volumecontentof coatedSiCwhiskers
Figure43. Effectof coatedSiCwhiskersondensificationof
Alumina matrixcomposites.
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Table5.Effectof 1100CcalcinedcoatedSiC particulatesonsinteringfor 1hour
Sample Green
DghgWgdssintered
No
Density Density
g/cm3
(mm)( )(g)( )( )g/c 3%thd
CP1 (1)
2.2214.2291.0. 091.0210 7343.50890
CP1 (2)
419831. 0499 1.0060.71883 58
3
36.780. 770 64 9776953.
CP2(1)
1812.37877 . 2230167
2(2)
08266 615 6
3
988 3 37
3 )
6 48
3
6 4 4491.05.2
4
5 2
4
5 956
_.~-
------
CoatedSiCp(llOO C for Ih calcined)-AI203Composites.--...
100
~
80 -f-<
'2f?-
60 -'-" .c
4
•......
CIll:: 20 -Q) Q 0
0
Volumecontentof SiC particulates -
-
Figure44.Effectof 11OOCcalcinedcoatedSiCparticulateson
densification f Aluminamatrixcomposites.
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Table6.Effectof 1100CcalcinedcoatedSiCwhiskeronSintering
Sample
GreenDghgWgdWssSint r d
No
Density Density
g/cm3
(mm)(m )( )(g)(g)(g)/c 3%thd
CW1(l)
2.2114 12.880.994. 771.03050. 2 5.1
CW1(2)
.214.11 01505 70
CW2(l)
12 90 6 5697
2
33 8 267
3
093 6486
3
35
3
0.993 4
4
281 7 8.466
4
3.1 57 8482 3
llOOC calcinedcoatedSiCwhisker-AluminaComposites
100
.c 40
'en
5 20-
Cl
o
o 10 20 30 40
Volumecontentof coatedSiCwhisker
Figure45.Effectof 1100C1hcalcinedcoatedSiCwhiskers
ondensificationof Aluminamatrixcomposites.
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6.4Thermal Analysis
Thermogravimetric analysis (TGA) up to 10000Cwas carried out on the
uncalcined aluminium sulfate hydratecoatedSiCp and SiCw samplesshown in
Figure 46 and in Figure 47, respectively. Percentageweight loss was also
determinedfor thesesamplescalcinedto various temperaturesin therange250°
to 10000Cin a static air atmosphereat a heatingrate of 100C/min,50C/minand
2°C/min. Similar results are obtained in Figure 46 and 47. The differences
betweenthree curve shown in Figure 47 were due to the using different amount
of powder. The similar curveswere obtainedin Figure 46 were due to the using
same amount of powder. The weight loss for the 10000Ccalcined SiCp and
SiCw was ~34 %wt the 250°C coated SiCp and SiCw samplesshowed half of
this loss i.e ~20 %wt and ~19 %wt, respectively.This behaviour indicated that
the both precipitated materials are hydrated. They contain molecular water.
Aluminium sulfate hydrate deposited on SiCp and SiCw tended to lose
hydration water at relatively low temperatures.Kato et al (15) dehydrated
severalaluminium sulfatesat temperaturesin therange200°C to 400°C
The we.ightloss for the 450°C calcined coatedSiCp and SiCw samples
were ~25%wt and ~24 %wt respectively.These percentagesonly increasedto
~28%wt and ~26 %wt for the 800°C calcined coatedSiCp and SiCw samples,
respectively. Studies on the dehydroxylization of boehmite (AIOOH) in the
temperaturerange ~4000to 600°C showed relatively small weight loses (15).
Small endothermicpeak was observedin the DTA (Figures 50 and 51) in the
temperature range ~700°C to 800°C. This behaviour was attributed to
dehydroxylizationand to small amountof desulfurization.
The weight loss increases from ~28 %wt and ~26 %wt for the 800°C
coatedSiCp and SiCw samplesto ~33%wt for the950°C coatedSiCp and SiCw
samples, respectively. This was consistent with FTIR (Figures 48 and 49)
results indicating that substantial desulfurization occurs during this range. A
large weight loss was indicated in the TGA curve in the temperaturerange
800°C to 950°C. Samples calcined at temperaturesabove 950°C showed small
IIZMIRYUKSEK HKNOl~Ji.E~SIIIOSO I 62REKTORlUGU
additional weight losses. The FTIR results revealed that these losses were
associatedwith residual sulfate decomposition.
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Figure 46. TGA curve for coatedSiC particulates
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6.5ChemicalCharacterization
The XRD patternin Figure 34 shows thatthecoatingmaterialon the SiC
particulates is amorphous. The FTIR spectrumfor SiC particulates and SiC
whiskers are shown in Figure 48 and49, respectively.Both spectragavesimilar
results.The peak intensitiesof coatedwhiskers were low thanthatof the coated
particulates.This differencebetweentwo spectrawas due to the using different
amountof powder. It was used almosthalf amountof coatedwhiskers for FTIR
spectrum.The small peak at 1610cm-1 is the evidenceof molecularwater in the
structure.Sacks et al (25) reportedthat the strongand broadabsorptionband in
the region -3150 to 3550 cm-1 and the absorption band at 1655 cm-l are
observed from the FTIR spectrumfor uncalcined sample (Figures 48 and 49).
This is the evidence of molecular water in the structure. From the FTI R
spectrumin (Figures 48 and 49), small dehydrationpeak is observeddue to the
drying of the sample at 700C. The small peak at 970 cm-I is due to the sulfate
absorption. Similar result was obtainedby Sacks et al (25). They reportedthat
the strongband centeredat 1120cm-1 and small peakat 980 cm-I observedfrom
FTIR spectrums were attributed the sulfate absorption. In contrast, an
absorption band at 1230 cm-1 in an uncalcined crystalline basic aluminium
sulfate is asso.ciatedwith the O-H bending vibration of "free" hydroxyl group.
From the Figures 48 and 49 the peak at -1138 cm-1 is associated with
dehydroxylization ratherthan sulfateabsorption(discussedbelow).
At 250°C, the FTIR spectrumwas similar to the 700C spectrumalthough
some dehydration was indicated. The band centred at 1610 cm-1 was
substantiallyreducedin comparisonto the 700C-driedsample.
Dehydration was also indicated by DTA results for coated SiC
particulatesand SiC whiskers in Figures 50 and 51. The small exothermicpeak
due to the 700C dried samples were analyzed from the initial heating (above
room temperature) to 4000C, with peak at 1200C. This relatively low
temperature indicated that the dehydration process was associated with
molecularwater ratherthan dehydroxylization.
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Although decompositionwas dependentupon factors such as calcination
time-temperatureschedule and atmosphere,crystallite size, specific phases
present,etc., the major endothermicDTA peak in aluminium hydroxideswere
generally observed at higher temperatures,ie in the range 250°C to 550°C
(Figures 50 and 51) (25).
At 4000e the FTIR spectrum(Figures 48 and49) was similar to the 70°C
and 250°C materials. The additional absorptionthat appearedat -1138 cm-] in
the 250°C material was more pronouncedin the 400°C material. Similar results
were obtainedby Sacks et al (25).
Further evidencefor the presenceof hydroxyl groups in low temperature
calcined sampleswas provided by the small endothermicpeak (Figures 50 and
51) in the range -600°C-700°C. Since the temperaturewas too low for the loss
of sulfur and too high for the loss of molecular water. This peak was most
likely associatedwith dehydroxylization. Decompositionof various aluminium
hydroxidesphasesusually show endothermicpeaksin -400oC- 600°C (25).
At 600°C and 700°e, the peak for the partially dehydrated basic
aluminium sulfate on the SiC was observed at 1138 cm-l for the 600°C and
700°C sample. This indicated that dehydroxylization completed until
temperaturerange(to be discussedat 6.6).
At 8000e and 900°C, the sulfate peak at 970 cm-l for the 800°C and
900°C samples solved completely. The large endothermicpeak also indicated
desulfurization at -1 OOOoC,in theDTA (Figures 50 and 51).
Above 900oe, the peaks in the range -400 to 900 cm-] solved
completely, indicating that extensive crystallization has occurred. The FTIR
spectra (Figures 48 and 49) showed that additional desulfurization occurs
between10000C and 11OOoC.
The transformationproceedswith severalintermediatephases(Y,ll, ... ) in
most hydroxide-derived alumina's (25). (5 or 8 alumina which are common
transition phasesdid not indicate directly during the conversion from y-Ab03
67
to ex-Al203. The FTIR spectrums (Figures 48 and 49) showed also that
additional desulphurisationoccurs between10000C and 11 OOoC.
The exothermicpeak at -1300oC in the DTA curves (Figures 50 and 51)
reflected the y-extransformation. The FTIR spectrums for 11000C samples
indicated a small residual sulfate content in the coating. This was consistent
with previous observationsof sulfate in aluminato temperaturesabove 11000C
(25). Increasedpeaks in the range-400 to 900 cm-1 were correlatedwith they-
extransformationin the coating material.
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Figure48. FTIR spectrumof coatedSiC particulates.
69
.BS
1100CcalcinedcoatedSiCw
1000CcalcinedcoatedSiCw
900CcalcinedcoatedSiCw
800CcalcinedcoatedSiCw
700CcalcinedcoatedSiCw
600CcalcinedcoatedSiCw
400CcalcinedcoatedSiCw
250CcalcinedcoatedSiCw
70C driedcoatedSiCw
400 1200 2000 2800
3600(1/cm)
Figure49.FTIR spectrumof coatedSiC whiskers.
J , J() f le,
--- ----
II ()( I
'.ocr
---.- .. _.------._.__._---------~
().()() 100000 2000.00
T<:rnp/C}
Figure50. DTA curveforcoatedSiC Particulates
IlMIR YUKSfK TE.~NOl~Jiwf~STiTOSO
RfKTORlUGU
OokOmontosyon Ooire B~.~n'iiohoneve .
71
H,
I !
0.00 1000.00
T<:mp[Cl
200000
Figure 51. DT A curve for coatedSiC whisker
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6.6Vickers MicrohardnessTestResults
The microhardness values of SiC-AhO} composites at different SiC
volume contentareshown in Table 7.
Table 7. Vickers MicrohardnessTest resultsof theSiC- AbO} Composites.
SAMPLE NO INDENTORINDENTATIOVICKERS HARDNESS
LOAD (N)
TIM (see)(GPa) (A VE)
%20uncoatedSiCp-AI203
9.815 6.39
%20coated SiCp-AI203
10.71
3 i I
2 4
coated SiCw- I
89
4 A 203
5 96
Gritsenko and Kilsly (10) have reportedthe hardnessof oxide ceramics
as 14.5-21 GPa. They have given the vickers microhardnessvalue of AhO}
which is 20 GPa. However, Harmeret al (11) reportedthe microhardnessvalue
of alumina as 17.3 GPa. Vickers microhardnessof sintered alumina (AKP50
Sumitomo) which has 98.8% theoreticaldensity was measured14.92GPa with
9.8N indentationload (Figure 37). Related with SiC-AhO} compositespecimen,
the microhardnessvalues obtainedfrom the literatureshows similar characters.
Nutt et al (20) have measuredthe hardnessvalues of SiCw-AhO} composites
with 10kg indentationload as 20.7 and 23.2 GPa. Kobayashi and Deobald (17)
have measuredthe hardnessof 5 vol.% SiC- AbO} compositesas 19.2 GPa. In
this study, for the SiC-AhO} compositewhich arepreparedwith %20, %30 and
111M'R YU K5tKTt~NOlO!i"t~SllTUSUIREKTORlUGU - - .
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%40 volume percent of SiC, the microhardness values slightly different
comparedwith the literature. The hardnessincreasedwith SiC volume content
up to a maximum of about 12.94 GPa for the compositecontaining 30 vol.%
SiC particulates. Compared with the uncoated SiCp- Aha) composite, the
increasing of the hardness was observed from the Table 7. In the whisker
composites, the hardness decreasedas the whisker content increased to 40
vol.%. The low hardnessof the uncoated20 vol.% SiCp- Aha) and coated40
vol.% SiCw- Aba) composites were attributed to their low densities. This
difference related with composite microhardnessvalues may come from the
differences in the microstructuresof the specimenand percentagecomposition
of the compositestructure(percentageof the SiC in alumina matrix). Also there
is big difference in the indentation load and the time which is applied during
the hardnesstestbetweenthis studyand reportedprevious studies.Although the
indentation load does not effect the hardness result in Vickers Hardness
method,the difference betweenthe 100-200N and 0.98N indentation load may
cause different results. Similarly indentation time is also important. Hardness
test use big amount of indentation load at sufficiently long indentation time.
But in the microhardnesstesting indentationtime is approximately 15 sec. In
recentstudiesthe authorsreportedthe hardnessvalues in wide scale. This scale
includes both hardness and microhardnessvalues (17) . For example in the
range 2-200N can give more accurate results for hardness value of the
specimen.
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CONCLUSIONS AND RECOMMENDATIONS
Precipitation of hydrated aluminium sulfate was the successful method
for producing an alumina powder precursorunder experimentalconditions. At
higher excess.use of urea, many spherical particles were seen. In addition, at
high concentrationsof aluminium sulfate,the sphericalshapeand uniformity of
size were not preserved. spherical particles coated the SiC whiskers and
particulateswith the changeof pH throughout the solution. The particle size of
the precipitate increasedwith the increasingpH. Although theseparticles were
coagulatedheavily around pH=4, the system becamedispersed at higher pH
values (pH>5.5).The XRD result showedthecoatingof the samplesat pH =:6.47
is amorphous. On the other hand, when the reaction was continued up to
pH= 8.7; the alumina hydrateon the SiC whiskers and particulate crystallized
into pseudoboehmiteand separatedfrom SiC whiskersandparticulates.
The thermal expansion coefficient of SiC is almost half of the alumina
matrix. This difference within the thermal expansioncoefficients causes pull
stress in the matrix during sintering. SiC whiskers interfere with the shrinkage
of the surrounding the matrix. This is the most importantreasonof low density
of SiC-Ah03 composites.In order to preventthermalstressescausedby thermal
expansion coefficient mismatch between the matrix and second phase and
microcracks and largepores, the whiskers andparticulateswere coatedwith AI-
S04-0H precursor. Upon heating the precursor transformed to a-Ah03 by
providing empty spaces for matrix densification during the sintering process.
SEM pictures showedlarge holes in the both particulateand whisker composite
structures.It may occur due to the agglomerationof whiskers andparticulatesin
the matrix. The distribution of the coated SiC in the matrix should be studied
for thesecompositesin future.
In this work, the density of both uncoatedSiC whiskers and particulates
were low compared with the literature. This may be due the distribution of
secondphase in the matrix. The density of the coated SiC- Ah03 composites
containing 10-40 vol% SiC was compared with the uncoated SiC- Ah03
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composites at the same volume content. The density of composites prepared
with alumina hydrate coated SiC whiskers and particulate were almost 22 %
greater than that of the density of composites prepared with uncoated SiC
particulateand whiskers. This resultmayshow thatthecoatinghavegainedtime
for matrix densification and so provide densecomposites(shrink-fit idea) or the
improvementof thedistribution of secondphasein thematrix maybe obtained.
The density of these composites slightly decreased as the
whisker/particulate content increased from 10 to 40 vol%. For instance, the
density of 10 vol% SiCp- AbO) was 3,16 when the density of 40 vol % SiCp-
AbO) was 2.64. The decreasingdensity of compositeswere attributed to the
increasing reinforcementphase contentand large holes causedby the thermal
expansioncoefficient mismatchingbetweenthe matrix and reinforcementphase
and agglomeratedSiC whiskers/particulates.
In this study thermal propertiesof coated SiC whiskers and particulate
were investigatedby using TGA and DTA. Thermogravimetricanalysis ( TGA)
up to 10000C was carried out on the uncalcined aluminium sulfate hydrate
coatedSiCp and SiCw samples.The weight loss for the 10000C calcined SiCp
and SiCw was ~34%wt,the 250°C calcined coatedSiC samplesshowedhalf of
this loss ie ~20%wt. This behaviourwas indicating that the both coated SiCw
and SiCp were hydrate. In the temperaturerange~700°C to 800°C, the small
endothermicpeak was observedin the DTA curveandthe small weight loss was
obtained from the TGA curve. This behaviour was attributed to
dehydroxylization. From '800°C to 950°C, the weight loss observed in TGA
curve increased and in the DTA curve large endothermicpeak appeared.This
was consistent with FTIR results indicating that substantial desulphurization
occuredduring this range.
The mechanical performances of these composites were measuredby
usmg Vickers Microhardnes Testing Devices. Vickers microhardness of the
20vol.% and 30vol.% coated SiCp ,and 20vol.% and 40 vol.% SiCw-AbO)
compositeswere measuredas 10.71,12.94,10.89and 5,96 Gpa, respectively.In
this study, for the SiC- AbO) compositeswhich are preparedwith %20, %30
IIIMI R YU KSEK TE~NOlO}i"E~SlITOSO IREKTORLUGU
and %40 volume percentof SiC, the microhardnessvaluesareslightly different,
compared with the literature. This was attributed to their low density. This
difference related with composite microhardnessvalues may come from the
differences in the microstructuresof the specimenandindentationload time and
volume contentof secondphase.
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APPENDIX
SampleCalculationsfor theDensityMeasurement
1. Densitymeasurementcalculation/orporoussample:
[ Wd * P flUid)
P*= ----
(WS-WSS)
2. Relativedensitycalculation:
ThD%=(Ps/PTHEo)x100
WD=Dry Weightof thesample(1) (Figure52).
G=Weightin waterwithoutanyprocess(2) (Figure52).
Ws=Saturatedweight(1) (Thesamplewaskeptfor halfof anhourin boilingwaterthenit let
to cool in water.The liquid film wasremovedwithawethandkerchiefandmeasurementwas
done)
Wss=Weightin wateraftertheprocess(2)(Figure52).
Pf=Densityof water
Ps=Densityof sample
PTHEO=Theoreticaldensityof thesample
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2Figure52.A schematicillustrationfor thedensitymeasurements(SartoriusYDO1
densitymeasurementkit).
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